Introduction
============

5-hydroxytryptamine (5-HT), also known as serotonin, is a primal signaling molecule in the center and periphery, which is conserved across phyla that is implicated in the control of energy balance [@B1]. The majority of body\'s 5-HT presents in periphery, which is synthesized from L-tryptophan by the enzymes tryptophan hydroxylase 1 (Tph1) and aromatic amino acid decarboxylase (AADC), and regulates physiological functions in the hepato-gastrointestinal tract etc [@B2], [@B3]. Liver steatosis has been confirmed to involve 5-HT in several animal models, such as in a nonalcoholic steatohepatitis (NASH) model induced by a choline-methionine-deficient diet, Tph1-deficient mice showed reduced hepatocellular injury and less severe inflammation [@B4], lymphocytic choriomeningitis virus infection-induced liver steatosis is also serotonin-dependent [@B5] and more importantly, 5-HT mediates L-tryptophan feeding-caused exacerbation on hepatic steatosis induced by a high fat and high fructose diet through the activation of mammalian target of rapamycin (mTOR)-p70 S6 kinase (p70S6K) signaling pathway [@B6]. The various functions of 5-HT can be attributed to its diverse receptors, and seven major isoforms of 5-HT receptor (5-HTR), namely 5-HT~1~R to 5-HT~7~R, were found in the different types of cells. There are three subtypes of 5-HT~2~R, 5-HT~2A~R, 5-HT~2B~R and 5-HT~2C~R, among of which 5-HT~2A~R and 5-HT~2B~R are found in liver [@B7], [@B8]. In addition, 5-HT reuptake transporter (5-HTT), which helps 5-HT enter into the cell through plasma membrane, and other 5-HTRs are also found in the hepatocytes. It is showed that 5-HT effects on regulating hepatic energy metabolism are mediated by 5-HT~2~R. An in vitro study using 3T3-L1 adipocytes has demonstrated that 5-HT~2A~R involved in 5-HT-induced insulin resistance (IR) [@B9]. In an animal research using mouse, gut-derived 5-HT is upregulated during fasting, and the 5-HT signaling through 5-HT~2B~R in hepatocytes promotes gluconeogenesis and prevents glucose uptake in a glucose transporter 2 (GLUT2)-dependent manner, thereby further favoring maintenance of blood glucose levels [@B10]. These evidences suggest that 5-HT by acting on 5-HT~2~R is significant for controlling hepatic lipid and glucose metabolism.

Stress is an unavoidable state in daily life. Stress induces over-activity in the hypothalamic-pituitary-adrenocortical (HPA) axis with a resultant consequence of hyperglucocorticoidemia, and other increases in many hormones and cytokines levels in blood, such as adrenaline, growth hormone, serotonin, and proinflammatory cytokines [@B11], [@B12]. It is known that chronic over-secretion of stress mediators, particularly glucocorticoids (GCs), induce widely disorders, such as increased hepatic gluconeogenesis, decreased glucose uptake in peripheral tissues, hepatic steatosis, and suppressed immune responses [@B13]. Although the harmfulness of long-term stress (LTS) to health appears quite severe, the cellular or molecular mechanism involving in pathophysiology of stress remains largely unknown. In the present study, by rats exposed to LST or 5-HT with or without blocking 5-HT~2A,\ 2B~R, and primary cultured rat hepatocytes or HepG2 cells treated with 5-HT, dexamethasone (Dex), or palmitate (PA) with or without chemical or genetic inhibition of Tph1 or/and 5-HT~2A,\ 2B~R, we demonstrated that LTS with hyperglucocorticoidemia can stimulate 5-HT synthesis and 5-HT~2A,\ 2B~R expression in the hepatocytes in a direct and indirect manner, which is crucial for GC-induced abnormality of hepatic lipid metabolism by activating mTOR.

Materials and Methods
=====================

Materials and reagents
----------------------

Male Sprague-Dawley rats were purchased from B&K Universal Group Limited (China). Sarpogrelate Hydrochloride (Sar) was from Mitsubishi Tanabe Pharma Corporation (Japan). 5-hydroxytryptamine hydrochloride (5-HT) was from Alfa Aesar (China). HepG2 and 293T cell lines were from American Type Culture Collection (ATCC, USA). DMEM, fetal bovine serum, and Trypsin-EDTA were from Gibco (USA). Dexamethasone (Dex) was from Cisen Pharmaceutical Ltd (China). Sodium palmitate (PA), BSA, collagenase IV, sodium heparin and trypan blue were from Sigma Chemical Co (USA). Rat tail tendon collagen Type I was from Shengyou Biotechnology Co., Ltd (China). Rapamycin (RAP) was from ApexBio Technology LLC (USA). Para-chlorophenylalanine (pCPA) was from Tokyo Chemical Industry Co. (Japan). GV248 vector was from GeneChem (China). Lipofectamine 2000 was from Invitrogen (USA). Glucose, TGs, low density lipoprotein cholesterol (LDL-c), alanine aminotransferase (ALT), glutamic-oxalacetic transaminase (AST), FFAs, and glycerol spectrophotometer kits for serum or adipose tissue detection were from Nanjing Jiancheng Bioengineering Institute (China). TGs enzyme-test kit for liver tissue and cells detection was from Applygen Technologies Inc (China). ELISA kits for tumor necrosis factor-α (TNF-α), corticosterone (Cort), growth hormone (GH), adrenline (Adr), insulin, VLDL and 5-HT were from Abcam (Hong Kong). RNAiso Plus Isolation Reagent was from Takara (Japan). Gene primers were from Baocheng Biology Co Ltd. (China). Cell lysis buffer and phosphatase inhibitor were from KeyGEN Boitech (China). Cytosol and Membrane Protein Extraction Kit was from Beyotime Institute of Biotechnology (China). Anti-5-HT~2A~R antibody was from GeneTex, Inc (USA). Anti-5-HT~2B~R antibody was from Becton and Dickinson Company Inc (USA). Anti-microsomal TGs transfer protein (MTTP) and anti-glycerin-3-phosphate acyltransferase 1 (GPAT1) antibodies were from Santa Cruz Biotechnology, Inc (CA). Anti-phospho-mTOR (Ser^2448^), anti-mTOR, anti-phospho-p70S6K (Thr^389/412^) and anti-p70S6K antibodies were from Signalway Antibody (USA). Anti-tryptophan hydroxylase-1 (Tph1) and anti-aromatic L-amino acid decarboxylase (AADC) antibodies were from Epitomics Abcam (HK). Anti-β-actin antibody was from Bioworld Technology, Inc (China). Horseradish peroxidase (HRP)-coupled secondary antibodies were from Santa Cruz Biotechnology, Inc (CA).

Animal experiments
------------------

The experiments and procedures were approved by the Laboratory Animal Care Committee at China Pharmaceutical University (Protocol No. 20130905). The rats (8-week old) were housed in standard polypropylene cages, and were kept on a 12-h day/night cycle with free access to food and water in a temperature-controlled environment (24 ± 2 ^◦^C).

The rats were exposed to stress with or without sarpogrelate (Sar) treatment for 25 days. The stress was executed using restraint stress modified from Eunice Y. Yuen et al [@B14]. The rats were individually restrained in an air-accessible cylinder with a free movement banned, food and water-deprived manner for 8 hours daily (4 hours in the morning and afternoon, respectively), while the control rats were placed in their original cages undisturbed deprived to food and water. Sar were orally administrated with a dose of 30 mg/kg twice daily in the morning and afternoon, which were done at 30 min before executing the stress. Meanwhile, the control or stressed without drug-treated rats were orally administrated with 0.5 % CMC-Na, a vehicle of dissolving Sar. During the un-stressed period, all rats were returned to their home environment like control rats with free accessed to food and water. At the end of the study period, the rats were all fasted but accessed to water freely for 8 hours, after administration rats were then further deprived to food and water for 4 hours with that, except for control rats, stress-exposed rats were all stressed. Food intake and bodyweight were recorded per five days in the 25-day experimental period.

In another experiment, the rats were exposed to 5-HT with or without Sar treatment, or not for 25 days. 5-HT was subcutaneously administrated with 7.0 mg/kg twice daily in the morning and afternoon, while the control rats were subcutaneously administrated with normal saline. Sar was administrated like the Dex-exposed experiment. In the 25-day 5-HT-exposured period, food intake and bodyweight were measured, and serum 5-HT levels were also detected by collecting blood via tail bleeding under local ethocaine anaesthesia before 5-HT administration in the afternoon. At the end of the study period, the rats were all fasted but accessed to water freely for 12 hours, and 5-HT and/or Sar were administrated at 4 hour before killed.

The rats were anesthetized and humanely killed by withdrawal of blood to obtain serum by low speed centrifugation. The liver and intra-abdominal adipose (mesenteric, bilateral perirenal and epididymal) were immediately removed with washing in ice-cold phosphate-buffered saline (PBS) and weighed. Hepatic index (HI) and visceral obesity index (VOI) (Percentage of body weight) were calculated. Serum samples, liver and adipose tissue were stored at -80 °C until analysis.

Cell culture
------------

HepG2 cells were cultured in DMEM medium containing 10% fetal bovine serum (FBS) supplemented with penicillin and streptomycin and maintained at 37 °C in a 5% CO~2~ atmosphere, and were incubated for 24 h. Then, cells were washed twice with PBS, and the medium was changed to serum-free DMEM containing the antibiotics. After one-hour incubation, the cells were treated with drug, respectively, according to each experiment.

Preparation of primary hepatocytes
----------------------------------

Male Rats (8-10 weeks old) were anesthetized, and then hepatocytes were isolated by a nonrecirculating*in situ* collagenase perfusion of livers cannulating through the hepatic portal vein as described previously [@B15] with minor modifications. Livers were first perfused *in situ* with 2.4 g/l HEPES containing calcium-free salt solution, followed by perfusion with calcium-Hank\'s balanced salt solution containing collagenase (0.05 g/100 ml). The livers were then gently minced on a Petri dish and filtered with 200 nm nylon mesh. Hepatocytes were washed three times with DMEM medium. Cell viability was consistently \>90%, as determined by trypan blue exclusion. Isolated hepatocytes were incubated on 6-well plates (1×10^6^cells/well) coated with rat tail collagen type I in DMEM containing 20% FBS at 37 °C in a 5% CO~2~ atmosphere for 2-10 h before treatment. Then, cells were changed to serum-free DMEM. After one-hour incubation, the cells were treated with drug, respectively, according to each experiment.

RNA Interference
----------------

The target shRNAs against the human Tph1, 5-HT~2A~R and 5-HT~2B~R genes (Genbank access numbers: NM_004179, NM_000621, NM_000867, respectively) for RNA interference were designed as follows, Tph1: 5\'-CCG GCC CAA GAA ATT GGC TTG GCT TCT CGA GAA GCC AAG CCA ATT TCT TGG GTT TTT-3\', 5-HT~2A~R: 5\'-CCG GGC CTA CAA GTC TAG CCA ACT TCT CGA GAA GTT GGC TAG ACT TGT AGG CTT TTT-3\', 5-HT~2B~R: 5\'-CCG GCC GAT ATA TCA CCT GCA ATT ACT CGA GTA ATT GCA GGT GAT ATA TCG GTT TTT-3\', and the lentiviral vector GV248-negative (control siRNS): TTC TCC GAA CGT GTC ACG T without interference suppression on the expression of human gene. Target fragment was annealed by 3 \'and 5\' single strand and digested by AgeI and EcoRI restriction enzymes, then it was connected to the GV248 vector (GeneChem, China). After sequencing identification, except for GV248-vector, GV248-Tph1 alone or in a combination with GV248-5-HT~2A~R and GV248-5-HT~2B~R were used to transfect 293T packaging cells by Lipofectamine 2000. The supernatant was collected after 48 h and filtered through a 0.45 μm filtrate membrane, then Polybrene was add into it until the final concentration was 5 μg/mL. Supernatant was used to infect target cells for 12 h, and then placed into new medium for another 72 h. After infection, fluorescence of green fluorescent protein (GFP) was detected via fluorescence inversion microscope system (Olympus, Japan), and Tph1, 5-HT~2A~R and 5-HT~2B~R protein expressions were detected by western blot. Infected HepG2 cells were then transferred to DMEM supplemented with 10% FBS in a six-well plate, further incubation with Dex or sodium palmitate (PA) treatment as same as HepG2 cells culture.

Serum, liver tissue, and cells biochemical analysis
---------------------------------------------------

Liver or adipose tissue was homogenized in 0.02 M phosphate buffered solution (pH 7.4). Each parameter in serum and liver was measured according to the protocols of respective kits. ALT, AST, Glucose, TGs, FFAs, and low density lipoprotein cholesterol (LDL-c) level in the serum, and glycerol in adipose tissue were measured using spectrophotometer kit, respectively. TGs content in the liver tissue and cells was measured using a TGs enzyme-test kit. Tumor necrosis factor-α (TNF-α), corticosterone (Cort), growth hormone (GH), adrenline (Adr), insulin, VLDL and 5-HT level in the serum, liver tissue, or the cultured primary rat hepatocytes and HepG2 cells was measured using ELISA kit, respectively. The Homeostasis Model of Assessment-IR (HOMA-IR) index, a marker of IR, was calculated as serum glucose × serum insulin / 22.5 [@B16].

Oil-red O staining in the liver tissue
--------------------------------------

Liver tissue was placed in an optimal cutting temperature using a cryostat, and 6 μm sections were made. Tissue slices were rinsed with PBS, rinsed with 60% isopropanol, and stained with freshly prepared Oil-red O working solution for 15 min, then rinsed with 60% isopropanol again and counterstained with hematoxylin. For cells, primary rat hepatocytes or HepG2 cells were fixed with 4% paraformaldehyde and then stained with Oil-red O. The slides were mounted and examined under an optical microscope.

RNA isolation and gene expression analysis
------------------------------------------

Reverse transcription-polymerase chain reaction (RT-PCR) assay was used to analyze gene expression. Total RNA was isolated from frozen rat hepatic tissue or HepG2 cells using RNAiso Plus Isolation Reagent (TAKARA, Otsu, Shiga, Japan). Total RNA solution was first reserve transcribed and then immediately amplified in a GeneAmp PCR system (Eppendorf, Germany). Primers used in the RT-PCR were: Tph1 (forward-ACT GCG ACA TCA ACC GAG AA; reverse-GGC TAA CCC TGA CAG GAA AT), 5-HT~1A~R (forward-TGG GTA CTC TCA TTT TCT GC; reverse-GCG TCC TTT TGT TCA CAT AG), 5-HT~1B~R (forward-TGT AAT CGC TAC GGT GTA TC; reverse-TGT AAT CGC TAC GGT GTA TC), 5-HT~2A~R (forward-GGA TTT ACC TGG ATG TGC; reverse-TGG ATG GAC CGT TGG AAG), 5-HT~2B~R (forward-CAG CAG CAG AGG AAA TGA; reverse-ATC CAG GGA AAT GGC ACA), 5-HT~2C~R (forward-CTG AAG CAA TCA TGG TGA AC; reverse-CGC AGT TGA AAA TAG CAC AT), 5-HT~3A~R (forward- GCC TTT ATT CTA CGC AGT CA; reverse-TGC GAA ACA GCA GCC TGT C), 5-HT~7~R (forward-GCT CAA ACA CGA AAG GAA AA; reverse-AGA GCT TCC GGT TGA TAT TC), apolipoprotein B100 (ApoB100) (forward-AGT GCT GCC GTC TCT ACA GT; reverse-AGA GAC AGC GGT GGC TAA CT), adipose triglyceride lipase (ATGL) (forward-TTC AAG TTT CCT TGC AGA GT; reverse-CTC CCA AAC TGA CCC TTA AA), acetyl-CoA carboxylase (ACCase) (forward-GCC AGC AGA ATT TGT TAC TC; reverse-AGA CGA TGC AAT CTT ATC CC), and GAPDH (forward-TAT CGG ACG CCT GGT TAC; reverse-TGC TGA CAA TCT TGA GGG A) in the rat liver tissure, and ApoB100 (forward-ATC TCG TGT CTA GGA AAA GC; reverse-AAA ACA ACT CAG CTC TTG AC), ACCase (forward-TATC ACA GCA ACC AAG TAG T; **r**everse-CGA ACA AAG AAC CTG TAG TC), and GAPDH (forward-CAA CCG GGA AGG AAA TGA AT; reverse-TTG ATT TTG GAG GGA TCT CG) in HepG2 cells. PCR products were then subjected to agarose gel electrophoresis and analyzed with GeneGenius automatic gel imaging and analysis system (Tanon-3500, China). To exclude variations due to RNA quantity and quality, the data for all genes were adjusted to GAPDH.

Western blot analysis
---------------------

Frozen liver tissues or cells were homogenized in lysis buffer with or without adding phosphatase inhibitors for detection of protein phosphorylation. Then samples were incubated on ice for 15 mins. Cytosol or plasma membrane protein was extracted by cytosol and membrane protein extraction kit, respectively. Debris was removed by centrifugation. Protein concentration of each sample was determined in order to calculate the loading amount. Samples were separated by SDS-PAGE gel and electrophoretically transferred to nitrocellulose membrane. Nonspecific binding sites were blocked with Trisbuffered saline containing 5% BSA for 12 h at 4°C. Membranes were first incubated with the primary antibodies, respectively. Then the membranes were incubated with the horseradish peroxidase (HRP)-coupled secondary antibodies. Immunopositive bands were visualized by a chemiluminescent method (ECL, Tanon-5200, China), and the protein bands were quantified by densitometry. Parallel blotting of β-actin was used as internal control.

Statistical analysis
--------------------

Results were expressed as mean ± standard deviation (S.D.). Data differences between groups were tested for statistical significance using one-way analysis of variance (ANOVA) followed by LSD\'s multiple comparison test, while the differences of mRNA or protein levels of 5-HT~1B,\ 2A,\ 2B,\ 7~Rs between the LST or 5-HT group and Ctrl group were tested for using student\'s t-test. *P* \< 0.05 was considered significant.

Results
=======

LTS-induced hepatic steatosis with VLDL overproduction and adipose lipolysis in rat are associated with 5-HT 2 receptor
-----------------------------------------------------------------------------------------------------------------------

To examine whether or not 5-HT 2 receptor (5-HT~2~R) involves in long-term stress (LTS)-induced hepatic steatosis with VLDL assembly and adipose lipolysis, rats were exposed to stress treated with or without Sar, a broad-spectrum antagonist of various subtypes of 5-HT~2~R, for 25 days. And as a comparison, rats were also exposed to 5-HT with or without Sar treatment for 25 days. Both LTS and 5-HT exposure caused a decrease in body weight gain (Fig. [1](#F1){ref-type="fig"}A) and food intake (data not shown), while liver weight to body weight ratio, i.e. HI, increased (Fig. [1](#F1){ref-type="fig"}A). In addition, LTS or 5-HT exposure resulted in an attenuated tendency in visceral adipose weight, while the adipose weight to body weight ratio, i.e. VOI, was no marked difference between LTS or 5-HT-exposed and the control rats owing to significantly decreased bodyweight but slightly decreased visceral adipose weight by LTS or 5-HT versus the control (Data not shown). Sar treatment also merely showed an inhibited tendency on LTS or 5-HT-caused change in visceral adipose weight (Data not shown). Liver damage with increased levels of hepatic TNF-α, serum ALT and AST were observed but mildly in the LTS or 5-HT-exposed rats, which were attenuated by Sar (Fig. [1](#F1){ref-type="fig"}C). Both LTS and 5-HT induced an abnormality of hepatic fatty metabolism with increased TGs and VLDL contents (Fig. [1](#F1){ref-type="fig"}B) with steatosis (Fig. [1](#F1){ref-type="fig"}E), up-regulations of GPAT1 (a rate-limiting enzyme of TGs synthesis [@B17]) protein and ACCase (vital for fatty acids (FAs) synthesis[@B18]) gene (Fig. [1](#F1){ref-type="fig"}D), which suggest an up-regulated de novo lipogenesis (DNL), and up-regulations of MTTP (a rate-limiting factor of VLDL assembly [@B19]) protein and ApoB100 (a major apoprotein in VLDL particle [@B19]) gene (Fig. [1](#F1){ref-type="fig"}D), which suggest an increased VLDL assembly. In line with hepatic lipid metabolic disorder, LTS or 5-HT resulted in dyslipidemia with an increase or increased tendency in serum TGs, VLDL, and LDL-c level (Fig. [1](#F1){ref-type="fig"}F). We also detected LTS or 5-HT-stimulated lipolysis in visceral adipose tissue with increased serum FFAs level, up-regulated ATGL gene expression, a key enzyme of liposysis [@B20], and elevated glycerol content in the visceral adipose tissue (Fig. [1](#F1){ref-type="fig"}H). Though Sar treatment didn\'t affect LTS or 5-HT-caused decrease in body weight gain (Fig. [1](#F1){ref-type="fig"}A) and food intake (data not shown), it significantly attenuated LTS or 5-HT-induced abnormality of hepatic fatty metabolism, visceral adipose lipolytic increase, and dyslipidemia (Fig. [1](#F1){ref-type="fig"}, A-F and H). In addition, increased but slightly blood glucose and HOMA-IR index were detected in both LTS and 5-HT-exposed rats (Fig. [1](#F1){ref-type="fig"}G), suggesting a mild IR, while both had a different effect on serum insulin level with an increased tendency by LTS but markedly decreased by 5-HT (Fig. [1](#F1){ref-type="fig"}G). Sar treatment markedly attenuated LTS or 5-HT-induced elevation of blood glucose and HOMA-IR index, and LTS-induced increase in serum insulin, while it failed to markedly change 5-HT-caused decrease in serum insulin (Fig. [1](#F1){ref-type="fig"}G). These results suggest that, rat chronically exposed to LTS or 5-HT results in a similar consequence with abnormality of hepatic fatty metabolism, increased white adipose lipolysis, dyslipidemia, and hyperglycemia, all of which are associated with 5-HT2 receptor.

LTS-induced hyperglucocorticoidemia with increased hepatic 5-HT synthesis and 5-HT~2~R is associated with LTS-induced activation of mTOR―S6K pathway
----------------------------------------------------------------------------------------------------------------------------------------------------

Stress induces over-activity of HPA axis and also elevates many hormones levels in blood [@B12], [@B21]. To examine the effect of LTS on stress hormones, we measured serum corticosterone (Cort), 5-HT, GH, and Adr level, and hepatic 5-HT level. LTS significantly elevated serum Cort and 5-HT level, with slight elevation of serum Adr level without elevation of serum GH level (Fig. [2](#F2){ref-type="fig"}A).

More importantly, a higher increase rate of 5-HT in the liver tissue than in the serum was detected (Fig. [2](#F2){ref-type="fig"}A), suggesting a non-blood-originated 5-HT production in the liver and activated by LTS. Sar treatment significantly attenuated LTS-caused elevation of serum Cort and 5-HT, but slightly attenuated hepatic 5-HT level (Fig. [2](#F2){ref-type="fig"}A). In addition, sustained high serum 5-HT levels during 25-day experiment were detected in the 5-HT-exposed rats, which wasn\'t changed by Sar treatment (Fig. [2](#F2){ref-type="fig"}A), suggesting that the Sar effects on 5-HT-induced disorders are not due to 5-HT level changed in the blood.

Expressions of 5-HT~1B~R, 5-HT~2A~R, 5-HT~2B~T, 5-HT~7~R, Tph1, and AADC gene without expressions of 5-HT~1A~R, 5-HT~2C~R, and 5-HT~3A~R gene in liver tissue were detected (Fig. [2](#F2){ref-type="fig"}B). We also detected protein expressions of 5-HT~2A~R, 5-HT~2B~T, Tph1, and AADC (Fig. [2](#F2){ref-type="fig"}D). LTS markedly up-regulated expressions of 5-HT~2A~R, 5-HT~2B~R, Tph1, and AADC, but failed to markedly affect 5-HT~1B~R and 5-HT~7~R expressions (Fig. [2](#F2){ref-type="fig"}, C and D). Long-term exogenic 5-HT exposure also induced up-regulation of 5-HT~2A~R and 5-HT~2B~R expression in the liver (Fig. [2](#F2){ref-type="fig"}D). In addition, gene expressions of 5-HT~2A~R and 5-HT~2B~R were also examined in the visceral adipose tissue, both of which were up-regulated by LTS or 5-HT exposure (Fig. [2](#F2){ref-type="fig"}, C and D). These results suggested that LTS can increase 5-HT synthesis with up-regulations of Tph1 and AADC expression in liver, resulting in a high 5-HT level in liver, and LTS like 5-HT exposure can also up-regulate 5-HT~2A~R and 5-HT~2B~R expression in the liver and visceral adipose tissues, which are associated with LTS or 5-HT-induced hepatic lipid metabolic abnormality and visceral adipose lipolytic increase.

It is reported that mTOR activation is the mechanism of 5-HT-induced hepatic steatosis and IR mediated by 5-HT~2~R in the liver and adipocytes [@B6], [@B22], so we examine LTS or 5-HT-indueced activation of hepatic mTOR and S6K, a downstream target of mTOR, by detecting Ser^2448^ phosphorylation of mTOR, and Thr^389/412^ phosphorylation of p70S6K. LTS or 5-HT didn\'t affect mTOR and p70S6K expression in the rat liver, but significantly up-regulated phosphorylation of mTOR and p70S6K (Fig. [2](#F2){ref-type="fig"}E). Sar treatment significantly abolished both-stimulated activation of mTOR and S6K (Fig. [3](#F3){ref-type="fig"}E). These results suggested that through activating mTOR-S6K pathway, both 5-HT and LTS induce lipid metabolic disorder in liver, which is associated with hepatic 5-HT~2A~R, 5-HT~2B~R, and 5-HT synthesis.

Dex-induced activation of mTOR pathway with lipid droplets and VLDL overproduction in the hepatocytes is dependent on enhancements in 5-HT synthesis, 5-HT2A and 2B receptor
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------

To examine whether or not LTS-induced activation of mTOR pathway with abnormality of lipid metabolism in the hepatocytes is involved in 5-HT system through GC, we investigated the relationships between Dex-stimulated 5-HT synthesis, 5-HT~2A~R and 5-HT~2B~R expression and activation of mTOR in the cultured HepG2 cells and primary rat hepatocytes in vitro. As a comparison, we also investigated 5-HT effects on mTOR activation, 5-HT~2A~R and 5-HT~2B~R expression in both cells. Treatment with 50 μM Dex time-dependently increased the mTOR ser phosphorylation level in HepG2 cells (Fig. [3](#F3){ref-type="fig"}A, left), indicating Dex-evoked mTOR activation, while the most activation occurred at 3 h after Dex treatment. So, subsequent study for detecting mTOR activation in the cells would be treated with Dex or 5-HT for 3 h. Dex-induced mTOR activation was inhibited completely by rapamycin, a specific inhibitor of mTOR, in both hepatocytes (Fig. [3](#F3){ref-type="fig"}A, Fig. [4](#F4){ref-type="fig"}A). Dex-stimulated up-regulations of Tph1, 5-HT~2A~R, and 5-HT~2B~R expression with increased 5-HT levels in both cells and culture media, indicating that 5-HT has an autocrine in the hepatocytes, were simultaneous with mTOR activation (Fig. [3](#F3){ref-type="fig"} and Fig. [4](#F4){ref-type="fig"}, A - C). More importantly, inhibiting Tph1 with pCPA, resulting in an abolishment to Dex-induced 5-HT production in the cell, or blocking 5-HT~2A~R and 5-HT~2B~R with Sar effectively attenuated Dex-induced mTOR activation (Fig. [3](#F3){ref-type="fig"} and Fig. [4](#F4){ref-type="fig"}, A and C). Moreover, a co-treatment with Sar and pCPA exhibited most effective effect on abolishing Dex-caused mTOR activation (Fig. [3](#F3){ref-type="fig"} and Fig. [4](#F4){ref-type="fig"}, A). In addition, pCPA also inhibited Dex-induced up-regulation of 5-HT~2A~R and 5-HT~2B~R expression in the Dex-treated cells with either pCPA or pCPA+Sar treatment (Fig. [3](#F3){ref-type="fig"} and Fig.[4](#F4){ref-type="fig"}, B). However, though pCPA completely inhibited Dex-induced production of 5-HT, it only resulted in a part inhibition to Dex-induced up-regulations of 5-HT~2A~R and 5-HT~2B~R (Fig. [3](#F3){ref-type="fig"} and Fig. [4](#F4){ref-type="fig"}, B), suggesting that Dex presents a direct stimulation on 5-HT~2A~R and 5-HT~2B~R expression. As previous reports [@B6], [@B22], 5-HT treatment increased mTOR ser phosphorylation level, which was fully inhibited by either 100 nM rapamycin or 30 µM Sar treatment in both hepatocytes (Fig. [3](#F3){ref-type="fig"} and Fig. [4](#F4){ref-type="fig"}, A). 5-HT per se also up-regulated 5-HT~2A~R and 5-HT~2B~R expression in both cells (Fig.[3](#F3){ref-type="fig"} and Fig.[4](#F4){ref-type="fig"}, B).

Subsequently, we detected Dex or 5-HT-induced lipid droplet formation, VLDL production. Treatment with Dex or 5-HT resulted in a visible accumulation of lipid droplets with increased TGs and VLDL levels in both cells, which could be abolished almost completely by rapamycin, Sar with pCPA (in the Dex-treated cells), or Sar (in the 5-HT-treated cells) (Fig. [3](#F3){ref-type="fig"} and Fig. [4](#F4){ref-type="fig"}, C and D). In order to obtain severe accumulation of lipid droplets in the hepatocytes, we treated to cells with PA, a saturated fatty acid, or PA and Dex. PA treatment resulted in a severe accumulation in lipid droplets with increased TGs and VLDL contents in both cells, while Dex treatment exacerbated the PA effects (Fig. [3](#F3){ref-type="fig"} and Fig. [4](#F4){ref-type="fig"}, C and D). Co-treatment with pCPA and Sar significantly inhibited above effects induced by co-exposure with PA and Dex (Fig. [3](#F3){ref-type="fig"} and Fig. [4](#F4){ref-type="fig"}, C and D). Interestingly, the co-treatment showed a strong inhibition on the lipid droplet formation and increased TGs content that were mainly induced by PA in the PA and Dex-exposed cells, while the inhibition on the increased VLDL content was almost complete (Fig. [3](#F3){ref-type="fig"} and Fig. [4](#F4){ref-type="fig"}, C).

5-HT synthesis and 5-HT2 receptor are also crucial for Dex or PA-induced mTOR activation with production of lipid droplets and VLDL in HepG2 cells with silencing Tph1 or/and 5-HT~2A,\ 2B~R
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

To further confirm whether or not 5-HT synthesis and 5-HT~2~R are important roles in GC or FA-induced lipid metabolic disorder in hepatocytes, we investigated the Dex and PA effect on HepG2 cells under genetic inhibition of Tph1 (siTph1), 5-HT~2A,\ 2B~R (si5-HT~2A,\ 2B~R), alone or in a combination. siTph1, or/and si5-HT~2A,\ 2B~R reduced expression of Tph1 or 5-HT~2A,\ 2B~R by approximately 70% (Fig. [5](#F5){ref-type="fig"}, A and B), respectively, with reduction of 5-HT levels in the Tph1-silenced cells and culture medium by approximately 55%, respectively (Fig. [5](#F5){ref-type="fig"}C). Gene silencing Tph1 strongly abolished Dex or PA-induced up-regulation of Tph1 with increased 5-HT level in the cells and culture medium, while gene silencing 5-HT~2A,\ 2B~R strongly abolished Dex or PA-induced up-regulation of 5-HT~2A,\ 2B~R (Fig. [5](#F5){ref-type="fig"} and Fig. [6](#F6){ref-type="fig"}, A - C). However, Dex or PA-induced up-regulation of 5-HT~2A,\ 2B~R was abolished slightly by gene silencing Tph1 (In Dex or PA+siTph1 group, Fig. [5](#F5){ref-type="fig"}A and [6](#F6){ref-type="fig"}B), indicating a direct effect of Dex or PA and an effect of 5-HT per se on up-regulating 5-HT~2A,\ 2B~R expression. As chemical inhibition of Tph1 or/and 5-HT~2A,\ 2B~R, genetic inhibition of them also significantly abolished Dex or PA-induced activation of mTOR (Fig. [5](#F5){ref-type="fig"}D, 6C). We found that Dex-induced up-regulations of GPAT1 and MTTP (protein expression) (Fig. [5](#F5){ref-type="fig"}D), and up-regulations of ApoB100 and ACCase (gene expression) (Fig. [5](#F5){ref-type="fig"}E) with increased TGs and VLDL level (Fig. [5](#F5){ref-type="fig"}C) and lipid droplet formation (Fig. [5](#F5){ref-type="fig"}F) were abolished significantly by gene silencing Tph1 or/and 5-HT~2A,\ 2B~R. We also found that PA-induced increases in TGs and VLDL level (Fig. [6](#F6){ref-type="fig"}D) and lipid droplets (Fig. [6](#F6){ref-type="fig"}E) were also abolished significantly by the gene silencing. The most effective abolishment to Dex or PA effects presented in the co-silencing Tph1 and 5-HT~2A,\ 2B~R, resulting in a strong abolishment on mTOR activation, full inhibition on increased VLDL content, and un-full inhibition on increased TGs with lipid droplets. And, the co-silencing exhibited a similar effect with silencing 5-HT~2A,\ 2B~R alone on Dex-induced up-regulations of GPAT1 and ACCase with increased TGs content, and on PA-induced increase in TGs content, but exhibited a more significant abolishment on Dex-induced up-regulations of MTTP and ApoB100 with increased VLDL content, and on PA-induced increase in VLDL content.

Together with above results from the primary rat hepatocytes and HepG2 cells experiments, these suggested that: 1) Dex-induced mTOR activation with TGs DNL, lipid droplet formation, and VLDL production in the hepatocytes is dependent on up-regulations of 5-HT synthesis, 5-HT~2A~R and 5-HT~2B~R; 2) PA-stimulated mTOR activation with TGs and VLDL overproduction, and lipid droplet formation in the hepatocytes is also closely associated with increased 5-HT synthesis and 5-HT~2A,\ 2B~R expression; 3) Though 5-HT mediates both TGs and VLDL syntheses in the hepatocytes, 5-HT action on mediating VLDL production is more significant than on mediating lipid droplet formation when the cells are stimulated by Dex or PA; 4) 5-HT~2A~R and 5-HT~2B~R expression can be up-regulated not only by Dex or PA but also by 5-HT per se in hepatocytes.

Discussion
==========

Chronic GC exposure, such as in the setting of chronic stress-induced over-activation of HPA axis and Cushing syndrome, is well known to result in whole-body insulin resistance (IR). It has also been found to produce a persistent state of chronic low-grade inflammation in Cushing syndrome patients [@B23]. GCs result in abnormality of lipid metabolism in body is an important reason for GC-induced IR. Though GCs effect on adipose tissue lipolysis is controversial, multiple studies have demonstrated that GCs promote white adipose tissue lipolysis, such as the trials of rats exposed to GC in vivo and adipocytes exposed to GC in vitro [@B24]-[@B26], and the detection of Cushing syndrome patients through microdialysis [@B27]. Lipid metabolic disorder with steatosis in liver have been shown to be associated with IR and obesity, which represent an important marker of cardiovascular risk, possibly even more so than visceral fat [@B28], [@B29]. The development of hepatic steatosis has been recognized as a sequela of chronic excess GC exposure in humans [@B30]-[@B32], as well as GCs have found to increase VLDL production and secretion [@B33]. Besides GCs can directly enhance FA synthase to promote FA synthesis in liver [@B34], [@B35], indirect GC effects on hepatic lipogenesis are to induce adipose tissue lipolysis, which results in high FFAs level in the blood and delivering FFAs to liver, and systemic hyperinsulinemia and hyperglycemia, all of which drive hepatic DNL [@B36]. For the impact of GCs on 5-HT system, it is found that GC treatment can increase density of serotonin 5-HT2A receptors in humans [@B37], and induces a tissue-specific regulation of Tph mRNA levels in the pineal gland [@B38].

However, the correlation of GC-induced IR with peripheral 5-HT system is not investigated carefully to date according to our literature searching, while peripheral 5-HT has been reported to be an important factor in the high-fat diet-induced obesity and non-alcoholic fatty liver disease [@B39]. By studies in the rats, primary cultured rat hepatocytes and HepG2 cells treated with 5-HT, Dex, or PA under the chemical or genetic inhibition of Tph1 or/and 5-HT~2A~R and 5-HT~2B~R, present study has demonstrated that LST with hyperglucocorticoidemia-induced hepatic steatosis with VLDL overproduction is closely associated with enhancement of 5-HT synthesis and up-regulations of 5-HT~2A~R and 5-HT~2B~R in the liver. GC can directly induce 5-HT synthesis with up-regulating Tph1 and AADC expression, and 5-HT~2A~R and 5-HT~2B~R expression in hepatocytes, and indirectly up-regulate them through promoting lipolysis in visceral adipose tissue to result in high FFAs level in blood, while FFAs have a similar effect with GC on hepatic 5-HT synthesis and 5-HT~2A~R and 5-HT~2B~R expression. We found that increased 5-HT synthesis, 5-HT~2A~R and 5-HT~2B~R expression are crucial for GC-induced DNL with a rate-limiting enzyme of FA synthesis ACCase [@B18] up-regulation, and for GC or FA-induced TGs overproduction with a rate-limiting enzyme of TGs synthesis GPAT1 [@B17] up-regulation, and VLDL overproduction with a key factor of VLDL assembly MTTP (19) and VLDL precursor ApoB100 [@B19], [@B40] up-regulation in the hepatocytes. However, 5-HT-induced TGs-enriched VLDL production may have priority over lipid droplets formation in the hepatocytes according to present study, since inhibition of 5-HT synthesis and 5-HT~2~R simultaneously using chemical or genetic method in the cultured rat primary hepatocytes and HepG2 cells, could fully abolish Dex or/and PA-induced production of VLDL but un-fully abolish to formation of lipid droplets with TGs and FA synthesis. Additionally, we found that LTS-induced slightly hepatic damage with slightly increases in hepatic TNF-α, and serum AST and ALT levels is also associated with 5-HT2 receptor in liver, while LTS-induced hepatic lipid metabolic disorders seem to be prior to its action on evoking hyperglycemia and hyperinsulinemia. LTS-induced lipid metabolic disorders and Sar-treated effects in rats are not owing to their impact to body weight or food intake, because LTS exposure, like long-term 5-HT exposure, resulted in a decrease rather than an increase in bodyweight gain and food intake in rats, which agrees with previous studies [@B41], [@B42], while Sar treatment didn\'t have a marked influence on bodyweight and food intake in LTS-exposed rats.

The mTOR is a serine/threonine kinase and forms protein complexes that induce lipogenic gene expression and is found to be activated in the livers of obese rats fed a high fat and high sucrose diet [@B43], [@B44]. The mTOR complex is important in the stimulation of hepatic lipogenesis [@B45], and the mTOR kinase inhibitor rapamycin (RAP) reduces hepatic steatosis induced by a high fat diet [@B46]. 5-HT~2~R mediating hepatic steatosis and IR has been demonstrated in several researches \[9\], \[47\]. More importantly, mTOR activation by 5-HT has been demonstrated to be the mechanism by which L-tryptophan exacerbates hepatic steatosis in the fat and fructose-enriched diet-fed mice [@B6], and activation of mTOR is also the mechanism of 5-HT-induced IR by 5-HT~2A~R in the adipocytes by inhibition of insulin-stimulated activation of IRS-1-Akt signaling pathway and glucose uptake [@B22]. In present study, we have examined multiple expressions of 5-HT receptor isoform, and 5-HT synthesis with Tph1 and AADC expression in the rat liver, while LTS-induced activation of mTOR-S6K pathway with hepatic steatosis and VLDL overproduction is closely associated with up-regulations of 5-HT synthesis, 5-HT~2A~R and 5-HT~2B~R expression in liver, which is confirmed in the cultured HepG2 cells and primary rat hepatocytes. We found that Dex directly stimulated DNL with FA and TGs syntheses, lipid droplet formation, and VLDL overproduction, which was mediated by increased 5-HT acting on 5-HT~2~R to activate mTOR-S6K pathway in the hepatocytes. Surprisingly, PA-induced TGs and VLDL overproduction with severe lipid droplet accumulation in HepG2 cells was also mediated by 5-HT, 5-HT~2~R to mTOR pathway. Chemical or genetic inhibition of 5-HT synthesis or/and 5-HT~2A,\ 2B~R significantly abolished Dex and PA effects, and co-inhibition to 5-HT synthesis and 5-HT~2A,\ 2B~R almost fully abolished these effects. So, we have revealed a causal relationship between GC or FA-stimulated increases in 5-HT synthesis, 5-HT~2A~R and 5-HT~2B~R with abnormality of lipid metabolism in hepatocytes.

5-HT~2A~R, as a Gq/11-coupled receptor, is recognized to be a key role when 5-HT induces mTOR activation in the adipocytes [@B22]. We also detected that 5-HT-induced mTOR activation in the hepatocytes was fully abolished by Sar treatment, suggesting 5-HT action by 5-HT~2~R. However, our study detected that both 5-HT~2A~R and 5-HT~2B~R rather than 5-HT~2A~R alone were up-regulated by LTS in the rat liver, Dex or PA in the cultured hepatocytes. We also found that 5-HT itself also up-regulated 5-HT~2A~R and 5-HT~2B~R expression in both the rat liver and cultured hepatocytes. These results suggested that both 5-HT~2A~R and 5-HT~2B~R not alone work when mediating 5-HT, GC, or PA-induced mTOR activation in hepatocytes, both of which are up-regulated. So, we speculated that GC or FA-induced enhancement of 5-HT synthesis in the hepatocytes leads to two consequences that one is up-regulating 5-HT~2A~R and 5-HT~2B~R expression, and another is that 5-HT by autocrine to act on 5-HT~2~R activates mTOR-S6K pathway. We also infer that there are multiple inducements to up-regulating hepatic 5-HT~2A~R and 5-HT~2B~R expression owing to GC, 5-HT, and blood FFAs, respectively, when animal exposed to LTS or GC. Additionally, 5-HT~2A~R and 5-HT~2B~R may also play an important role in GC-induced adipose tissue lipolysis, since LTS or 5-HT exposure induced 5-HT~2A~R and 5-HT~2B~R up-regulation and lipolysis in the visceral adipose tissue of rats with a lipolytic marker of increased serum FFAs level, glycerol content and ATGL expression in the visceral adipose tissue [@B20], all of which were significantly inhibited by Sar treatment.

In summary, present study demonstrates that LTS with hyperglucocorticoidemia-induced hepatic steatosis with VLDL overproduction and dyslipidemia presents a causal relationship with enhancements of hepatic 5-HT~2A~R and 5-HT~2B~R expression and 5-HT synthesis. GC directly stimulates up-regulations of 5-HT synthesis, 5-HT~2A~R, and 5-HT~2B~R in the hepatocytes, which also has a indirect effects by inducing lipolysis in visceral adipose tissue to result in a high FFAs level in blood, while FFAs delivered to liver also up-regulates 5-HT synthesis, 5-HT~2A~R and 5-HT~2B~R expression. Further, increased intrahepatocellular 5-HT by autocrine to act on the 5-HT~2~R activates mTOR pathway, ultimately promotes FAs and TGs synthesis, and VLDL assembly, resulting in hepatic steatosis and VLDL overproduction with a closely related dyslipidemia. The mechanism process was shown in figure [7](#F7){ref-type="fig"}. In addition, GC effect on promoting lipolysis in visceral adipose tissue may also involve in 5-HT2 receptor according to present study. As GC effects on mediating lipid metabolic abnormality must be muzzled by 5-HT and 5-HT2 receptor in periphery, we guess that conflicting results in different studies implicating GC effects on energy metabolism may, at least in part, owe to whether or not peripheral 5-HT system altered by GC.

The authors are grateful to B Jun Yang, a physician of pathology department in Nanjing Drum Tower Hospital, China, for his contribution in histopathological examination.

Funding
=======

This study was supported by the National Natural Science Foundation of China (No. 81570720) and the Students\' Innovation and Entrepreneurship Training Program in China Pharmaceutical University (No. J1030830, SY12108, SZ14122) and Huahai Pharmaceuticals Graduate Innovation Fund (No. CX13S-003HH).

![Long-term stress (LTS) or 5-HT exposure results in hepatic steatosis, VLDL overproduction, increased lipolysis in visceral adipose, and dyslipidemia in rats, which can be abolished significantly by blocking 5-HT 2 receptor. Except for control (Ctrl), rats were exposed to LTS (LTS) or 5-HT (5-HT) with or without sarpogrelate treatment (LTS+Sar or 5-HT+Sar) for 25 days. A, Body weight (Left) and hepatic index (Right) were detected. B, Hepatic content of TGs (Left) and VLDL (Right) were detected. C, Hepatic TNF-α content (Left), and serum AST (Middle) and ALT (Right) level were detected. D, Gene expression of hepatic ACCase and ApoB100 was detected by RT-PCR, while expression of hepatic GPAT1 and MTTP was detected by western blot. E, A representative image (original magnification, × 100) from all eight rats was assessed using Oil-red O staining in LTS-exposed (Up) or 5-HT-exposed (Down) rats. F, Serum concentration of TGs (Left), VLDL (Middle), and LDL-c (Right) was detected. G, Serum concentration of fasting blood glucose (Left) and insulin (Middle), HOMA-IR index (Right) were detected. H, Serum FFAs level (Left) and visceral adipose glycerol content (Middle) were detected, while gene expression of AGTL (Right) in the visceral adipose was detected by RT-PCR. Except for ApoB100, ACCase, GPAT1, MTTP, and ATGL from six of eight rats, other results from all eight rats are shown. Data are mean ± S.D., which are fold increase of gene or protein expression in control rats without LTS or 5-HT exposure, measured value, or calculated value (Hepatic index and HOMA-IR indexe). \*, *P* \< 0.05; \*\*, *P* \< 0.01. NS, not significant.](ijbsv12p0219g001){#F1}

![Besides up-regulating Tph1 and AADC expression with increasing 5-HT production, long-term stress (LTS) exposure similarly with long-term 5-HT exposure up-regulates 5-HT~2A~R and 5-HT~2B~R expression in the liver and visceral adipose with activation of mTOR-S6K pathway in the liver, as well as increased serum corticosterone (Cort) level. Except for control (Ctrl), rats were exposed to LTS (LTS) or 5-HT (5-HT) with or without sarpogrelate treatment (LTS+Sar or 5-HT+Sar) for 25 days. A, Serum level of Cort, growth hormone (GH), and adrenline (Adr), and 5-HT level in the serum and liver tissue of Ctrl, LTS, and LTS+Sar group was detected (Left and middle). Serum 5-HT levels in 25-day experimental period in the Ctrl, 5-HT, and 5-HT+Sar group were detected (Right). B, Gene expression of hepatic 5-HT1A, 1B, 2A, 2B, 2C, 3A, and 7 receptors, Tph1, and AADC from three rats was assessed by RT-PCR. C, Gene expressions of hepatic Tph1, AADC, 5-HT~2A~R, 5-HT~2B~R, 5-HT~1B~R, and 5-HT~7~R in the Ctrl and LTS group were detected by RT-PCR (Left), while gene expressions of 5-HT~2A~R and 5-HT~2B~R in the visceral adipose were also detected (Right). D, Expressions of hepatic 5-HT~2A~R, 5-HT~2B~R, Tph1, and AADC in the Ctrl and LTS group (Left), 5-HT~2A~R and 5-HT~2B~R expression in the liver (Middle) and their gene expressions in the visceral adipose (Right) in the Ctrl and 5-HT group were detected by western blot or RT-PCR. E, Expressions of hepatic phospho-mTOR (Serine 2448) (p-mTOR) and mTOR, phospho-p70S6K (Threonine 389/412) (p-S6K) and p70S6K (S6K) in either Ctrl, LTS, and LTS+Sar group or Ctrl, 5-HT, and 5-HT+Sar group were detected by western blot. Representative images from six of eight rats and results from six of eight rats (gene or protein expression) or eight rats are shown. Data are mean ± S.D., which are fold increase in control rats without LTS or 5-HT exposure, or measured value of serum 5-HT, Cort, GH, and Adr. \*, *P* \< 0.05; \*\*, *P* \< 0.01. NS, not significant.](ijbsv12p0219g002){#F2}

![Dex-induced activation of mTOR with lipid droplet and VLDL overproduction in hepG2 cells is dependent on Dex-stimulated increases in 5-HT synthesis, 5-HT~2~R, while 5-HT-induced activation of mTOR is dependent on 5-HT~2~R. A, HepG2 cells were treated with 50 µM Dex for various periods, expression of phospho-mTOR (Serine 2448) and mTOR was then detected by western blot (Left). Cells were pretreated with vehicle (DMSO 10 µl/ml medium) (-), 100 nM rapamycin (RAP) (+), 30 µM para-chlorophenylalanine (pCPA) (+) or/and 30 µM Sarpogrelate (Sar) (+) for 30 min, respectively. After pretreatment, where indicated (+), except for one vehicle group, others were added with either 5-HT (in cells pretreated with vehicle, RAP, or Sar) or Dex (in cells pretreated with vehicle, RAP, pCPA, Sar, or pCPA+Sar) to the serum-free medium at a final concentration of 50 µM, respectively, and cells were incubated for an additional 3 h. Expression of phospho-mTOR (Serine 2448) and mTOR was detected (Right). B, Cells treated as described in A but only in the cells treated with vehicle, 5-HT, Dex, or Dex with pCPA or/and Sar. Expression of 5-HT~2A~R and 5-HT~2B~R (Left), Tph1 (Right) was detected by western blot. C, Cells treated as described in A. 5-HT levels inside HepG2 cells and in medium were measured using ELISA kit (Left). Cells were pretreated as described in A, then except for one vehicle group, others were added with 5-HT (in cells pretreated with vehicle, RAP, or Sar), Dex (in cells pretreated with vehicle, RAP, or pCPA+Sar), sodium palmitate (PA) (in cells pretreated with vehicle), or Dex + PA (in cells pretreated with vehicle, or pCPA+Sar) to the medium at a final concentration of 50 µM (Dex or 5-HT) or 400 µM (PA), respectively, and the cells were incubated for an additional 24 h. TGs (Middle) and VLDL (Right) level were measured using enzyme-test kit or ELISA kit, respectively. D, Cells treated as described in C with TGs and VLDL measurement. Lipid droplets were assessed by Oil Red O staining, a representative image (original magnification, × 400) is shown. Representative images or/and results from three independent experiments are shown. Data are mean ± S.D., which are fold increase from control cells without all-drug treatment, or measured value (TGs and VLDL). \*, *P* \< 0.05; \*\*, *P* \< 0.01.](ijbsv12p0219g003){#F3}

![Dex-induced activation of mTOR with lipid droplet and VLDL overproduction in primary cultured rat hepatocytes is also dependent on Dex-stimulated increases in 5-HT synthesis, 5-HT~2A~R, and 5-HT~2B~R. A, Primary cultured rat hepatocytes were pretreated with vehicle (DMSO 10 µl/ml medium) (-), 100 nM rapamycin (RAP) (+), 30 µM para-chlorophenylalanine (pCPA) (+) or/and 30 µM Sarpogrelate (Sar) (+) for 30 min, respectively. After pretreatment, where indicated (+), except for one vehicle group, others were added with either 5-HT (in cells pretreated with vehicle, RAP, or Sar) or Dex (in cells pretreated with vehicle, RAP, pCPA, Sar, or pCPA+Sar) to the medium at a final concentration of 50 µM, respectively, and cells were incubated for an additional 3 h. Expression of phospho-mTOR (Serine 2448) (p-Ser-mTOR) and mTOR was detected by western blot. B, Hepatocytes treated as described in A but only in the cells treated with vehicle, 5-HT, Dex, or Dex with pCPA or/and Sar. Expression of 5-HT~2A~R and 5-HT~2B~R (Left), Tph1 (Right) was detected by western blot. C, cells treated as described in B. 5-HT levels inside hepatocytes and in medium were measured using ELISA kit (Left). The hepatocyts were pretreated as described in A, then except for one vehicle group, others were added with 5-HT (in cells pretreated with vehicle, RAP, or Sar), Dex (in cells pretreated with vehicle, RAP, or pCPA+Sar), sodium palmitate (PA) (in cells pretreated with vehicle), or Dex + PA (in cells pretreated with vehicle, or pCPA+Sar) to the medium at a final concentration of 50 µM (Dex or 5-HT) or 200 µM (PA), respectively, and the cells were incubated for an additional 10 h. TGs (Middle) and VLDL (Right) level were measured using enzyme-test kit or ELISA kit, respectively. D, Cells treated as described in C with TGs and VLDL measurement. Lipid droplets were assessed by Oil Red O staining, a representative image (original magnification, × 400) is shown. Representative images or/and results from three independent experiments are shown. Data are mean ± S.D., which are fold increase from control cells without all-drug treatment, or measured value (TGs and VLDL). \*, *P* \< 0.05; \*\*, *P* \< 0.01.](ijbsv12p0219g004){#F4}

![Gene silencing Tph1 or/and 5-HT~2A,\ 2B~R in HepG2 cells markedly abolishes Dex-induced mTOR activation, lipid droplets and VLDL overproduction. The gene silencing method was described in *Material and Methods*. Except for control (Ctrl), HepG2 cells with gene silencing control (siCtrl), Tph1 (siTph1), 5-HT~2A~R and 5-HT~2B~R (si5-HT~2A,\ 2B~R), and Tph1 with 5-HT~2A~R and 5-HT~2B~R (siTph1+si5-HT~2A,\ 2B~R) were treated with or without 50 µM Dex (Dex+siCtrl, Dex+siTph1, Dex+si5-HT~2A,\ 2B~R, Dex+siTph1+si5-HT~2A,\ 2B~R, respectively) for an additional 3 h (examining p-mTOR and mTOR expression) or 24 h (examining others agents) in serum-free culture medium. A and B, Expressions of Tph1 (A, left), 5-HT~2A~R (A, right) and 5-HT~2B~R (B, left), and representative image (B, right) were detected by western blot. C - E, 5-HT levels inside cells and in medium were measured using ELISA kit (C, left). Except for siTph1, si5-HT~2A,\ 2B~R, and siTph1+si5-HT~2A,\ 2B~R group, TGs (C, middle) and VLDL (C, right) level in other groups were measured using enzyme-test kit or ELISA kit, expressions of phospho-mTOR (Serine 2448) (p-mTOR) and mTOR (D, left), GPAT1 and MTTP (D, right) were detected by western blot, and gene expressions of ApoB100 and ACCase were detected by RT-PCR (E). F, Lipid droplets were assessed by Oil Red O staining, a representative image (original magnification, × 400) is shown. Representative images or/and results from three independent experiments are shown. Data are mean ± S.D., which are fold increase from Ctrl cells without Dex treatment, or measured value (TGs and VLDL). \*, *P* \< 0.05; \*\*, *P* \< 0.01.](ijbsv12p0219g005){#F5}

![Gene silencing Tph1 or/and 5-HT~2A,\ 2B~R in HepG2 cells also markedly abolishes palmitic acid (PA)-induced mTOR activation, lipid droplets and VLDL overproduction. The gene silencing method was described in *Material and Methods*. Except for control (Ctrl) and gene silencing control (siCtrl), 400 µM PA were treated to the cells with gene silencing control (PA+siCtrl), Tph1 (PA+siTph1), 5-HT~2A~R and 5-HT~2B~R (PA+si5-HT~2A,\ 2B~R), and Tph1 with 5-HT~2A~R and 5-HT~2B~R (PA+siTph1+si5-HT~2A,\ 2B~R) for an additional 3 h (examining expression of p-mTOR, mTOR, Tph1, 5-HT~2A~R, and 5-HT~2B~R) or 24 h (examining TGs and VLDL content, lipid droplets) in serum-free culture medium. A and B, Expressions of Tph1 (A, left), 5-HT~2A~R (A, right) and 5-HT~2B~R (B, left), and representative image (B, right) were detected by western blot. C, 5-HT levels inside cells were measured using ELISA kit (left). Expressions of phospho-mTOR (Serine 2448) (p-mTOR) and mTOR (Reft) were detected by western blot (Right). D, TGs (Left) and VLDL (Right) level were measured using enzyme-test kit or ELISA kit. E, Lipid droplets were assessed by Oil Red O staining, a representative image (original magnification, × 400) is shown. Representative images or/and results from three independent experiments are shown. Data are mean ± S.D., which are fold increase from Ctrl cells without PA treatment, or measured value (TGs and VLDL). \*, *P* \< 0.05; \*\*, *P* \< 0.01.](ijbsv12p0219g006){#F6}

![Mechanism by which long-term stress with hyperglucocorticoidemia induces hepatic steatosis with VLDL overproduction through up-regulating 5-HT synthesis and 5-HT2 receptor in liver.](ijbsv12p0219g007){#F7}
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